Objectives: Cardiac allograft vasculopathy remains a major cause of mortality after cardiac transplantation. Percutaneous revascularization has become the mainstay of therapy given the poor historical outcomes with surgery. Outcomes following surgical revascularization are evaluated to determine whether surgery remains a viable therapeutic option.
Despite recent advances in immunosuppression, cardiac allograft vasculopathy (CAV) remains a major cause of mortality after the first year of transplantation, with an incidence between 30% and 50% at 5 years. 1 The mainstays of nonpharmacologic treatment options include percutaneous coronary intervention (PCI), coronary artery bypass grafting (CABG), and retransplantation. Although outcomes following retransplantation for this group of patients have improved, the scarcity of suitable donor organs remains a significant limitation, and consequently this option is usually reserved for patients with disease progression despite revascularization or those with diffuse coronary involvement. 2 PCI has become the primary treatment modality for heart transplant recipients with CAV and is associated with excellent short-term results. Its applicability is limited, however, considering the diffuse and heterogeneous coronary involvement typically seen in patients with CAV. 3 Historically, CABG has been associated with poor surgical outcomes with early mortality rates in excess of 30%. 4 However, little recent data exist in the literature regarding the outcomes of CABG in patients with CAV. We present the largest single-center experience with surgical revascularization for CAV and report short-term and midterm outcomes.
METHODS Patients
Approval was obtained from the University of Pittsburgh Medical Center Total Quality Control council. Since the inception of our heart transplant program in 1980 through 2008, a total of 1175 patients have had orthotopic cardiac transplantation. A retrospective review was performed of 13 patients who had CAV post-heart transplantation and were treated with surgical revascularization from 1999 to 2008. All patients were evaluated for PCI prior to surgical intervention, and 3 patients had PCI either before or after surgical revascularization. A detailed chart review was then performed for each patient to collect demographic, procedural, and outcome data. Follow-up was complete in all patients.
Immunosuppression and Infection Prophylaxis
The immunosuppressive regimen evolved over time with initial emphasis on the use of cyclosporine with either steroids or aziothioprine. In 1993, we began routinely using tacrolimus instead of cyclosporine. Our current protocol also uses mycophenolate mofetil maintenance therapy, which was introduced routinely beginning in 1999. Induction therapy with antithymocyte globulin was used selectively in some cases. All patients received Pneumocystis carinii prophylaxis with trimethoprim/sulfamethoxazole, cytomegalovirus prophylaxis with valacyclovir or valgancyclovir, and Clostridium difficile prophylaxis with oral metronidazole.
Procedures
PCI was considered the primary modality for therapy, and all patients were evaluated for suitability by an interventional cardiologist. PCI was 
Angiographic Classification of Lesions
Coronary angiograms were reviewed and lesions were classified according to the system of Gao and colleagues 5 ( Figure 1 ). Type A lesions were discrete and tubular or had multiple stenoses. Type B1 lesions were abrupt in onset with distal diffuse concentric narrowing and obliteration. Type B2 lesions had gradual, concentric tapering with distal portions retaining some residual lumen. Type C lesions had narrowed irregular distal branches with terminations often nontapered and squared off, ending abruptly. Revascularization was required in 1 patient with catheter-induced dissection of the left main coronary artery; this was classified as type A.
Statistics
Descriptive statistics are reported as mean AE standard deviation. Survival was calculated according to the method of Kaplan and Meier with death as the primary end point.
RESULTS
Demographic data for this group of patients are listed in Table 1 . The average age at intervention was 57 AE 15 years (range 20-75). The mean interval between transplantation and CABG was 147 AE 75 months (range 15-251 months). Most patients had preserved left ventricular function and presented with angina. Triple-vessel disease was the predominant form of CAV treated with revascularization [5/13 (38%)].
Procedural data for the 13 patients who had CABG are listed in Table 2 . The average number of grafts per patients was 2.3. Off-pump techniques were utilized in 8 cases (57%) with 5 cases (36%) approached via a left thoracotomy. The left internal thoracic artery was used in 11/13 (85%) patients. Type C angiographic grade lesions accounted for 31% of lesions bypassed. Three patients in this group had multiple interventions including PCI performed before, after, or as an adjunct to CABG. Specific details regarding the location of lesions and order of interventions are delineated in Table 3 . One patient required repeat CABG for a myocardial infarction following PCI. Five of the 6 patients who had surveillance angiography had patent bypass grafts. One patient required PCI subsequent to surveillance angiography for a diseased saphenous vein graft. Postprocedural morbidity and survival outcomes are listed in Table 4 . No patient had low cardiac output or required reoperation for bleeding. There was no perioperative mortality. At a mean follow-up of 39 AE 36 months (range 0.3-110 months) after CABG, 10/13 (77%) patients are alive. Two patients died of progressive CAV and 1 from lung cancer. Kaplan-Meier survival for this group of patients was 92%, 83%, and 83% at 1, 5, and 7 years, respectively ( Figure 2 ).
DISCUSSION
In this study, we present early to midterm outcomes with CABG for the treatment of CAV in 13 patients demonstrating that surgical management remains a viable option for selected patients. CAV remains the nemesis of cardiac transplant recipients surviving beyond the first year of transplant. In most patients, CAV is an insidious process that may occur without warning, resulting in silent myocardial infarction, arrhythmia, or sudden death. Advances in our understanding regarding CAV have focused largely upon understanding its pathogenesis and methods by which to attenuate its progression. Preventative strategies are directed toward limiting both cellular and humoral rejection during the first year posttransplantation by optimization of immunosuppressive therapy. Other preventative strategies include treatment of nonimmunologic factors such as hyperlipidemia, hypertension, and cytomegalovirus infection. Novel modalities for pharmacologic therapy include immunosuppressive agents such as sirolimus or everolimus, both of which have demonstrated improvements in disease progression but have not significantly impacted overall survival. [6] [7] [8] Despite these measures, CAV continues to account for approximately 30% to 50% of deaths in cardiac transplant recipients. 1 The primary modalities of treatment used in the management of advanced CAV include PCI, surgical revascularization, and retransplantation. Selection among these modalities depends primarily upon the extent of disease. PCI and CABG are generally reserved for those with focal proximal disease; for most patients with diffuse coronary involvement, PCI and CABG remain ineffective due to inadequate anatomic features and poor distal vessel quality. For these patients, retransplantation remains the primary modality for treatment. Although earlier reports noted that the 1-year mortality for patients retransplanted for CAV was 30% to 40%, more recent studies have demonstrated that in otherwise healthy patients, retransplantation may be carried out safely with outcomes that are similar to primary transplantation. 3 There had been a transient interest in transmyocardial laser revascularization after initial case reports, but late follow-up has failed to demonstrate sustained benefits. 9, 10 In this study, which we believe to be the largest singlecenter experience described in the literature, we demonstrate significant improvement in early survival following surgical management as compared with previous studies (Table 5) . However, the literature regarding standard surgical revascularization for CAV is relatively limited, with only 3 previously published series. A multi-institutional study by Halle and associates 11 reported the outcomes of 12 patients who had CABG. Four patients died perioperatively due to ventricular failure in 3 patients and bleeding in 1 patient. Distal arteriopathy (type C) on the preoperative angiogram was noted in 80% of patients who died versus 14% of survivors and was felt to be a significant predictor of increased mortality. This study did not delineate surgical considerations including the use of off-pump techniques, which may be relevant to surgical outcomes. Parry and colleagues 12 described 5 patients who had CABG; 2 died perioperatively, 1 from left ventricular failure and the other from acute rejection. All 5 cases were done with normothermic CPB with use of the left internal thoracic artery. Musci and coworkers 13 reported their results with CABG in 7 patients with CAV with 3 perioperative deaths. All patients who died had diffuse, distal arterial disease (type C) and emergency surgery.
Evaluation of the distribution and type of lesions for which CABG was performed (Table 2) revealed that 10/32 lesions bypassed (31%) were type C, which in previous reports has not been felt to be amenable to surgical revascularization. In our experience, these patients had similar early and midterm outcomes following surgery as patients with lesser degrees of coronary disease. We believe that this may be explained in part by the observation that many of these patients had combinations of lesions at different stages, and the most advanced lesion was the one used to classify the respective target vessel. For example, a vessel with diffuse disease (type C) might be accompanied by a proximal 80% stenosis (type A). Although this would be classified as a type C lesion, if the artery was of adequate size for revascularization, we considered the patient an acceptable candidate for surgery. This was the case in the 3 patients who had isolated bypass of the left anterior descending artery for type C disease. In addition, we also noted that several patients had type C disease in 1 territory but lesser disease (type A or B) in another territory. This was the case for the other 7 patients with type C disease who had multivessel revascularization. Therefore, the presence of hemodynamically significant lesions, even if accompanied by type C disease, warranted revascularization if the vessel was deemed of an adequate size (1.8 to 2 mm). Although it is encouraging that all of these patients did well, we are not suggesting that surgical revascularization is always the correct answer for patients with type C disease. Clearly, careful patient selection is very important in achieving good outcomes, and multiple factors should be considered including the patient's overall physiologic and functional status, the presence of concomitant renal dysfunction, coronary anatomy (size and disease distribution), the likelihood of achieving complete revascularization, and whether alternative surgical approaches are applicable.
Our surgical strategy is unique in that we selectively utilized off-pump techniques, avoiding CPB in the majority of cases with the intent of preventing the potential deleterious effect of CPB on end-organ function. Additionally, by utilizing a left thoracotomy incision for patients requiring limited revascularization, a secondary sternotomy was avoided in 36% of cases. We believe that avoiding the inflammatory cytokine activation and deleterious effect on the coagulation cascade that typically accompanies redo cardiac surgery may be a contributing factor to the improved outcomes experienced by these relatively high-risk patients. 14 There are several limitations to this study, aside from its retrospective nature. The limited number of patients and strict patient selection criteria make it difficult to determine the exact impact of the different surgical techniques on postoperative outcome. Additionally, the study spanned a 10-year period in which patients were treated with different immunosuppressive regimens. Although this may have potentially impacted the development of CAV and its progression following revascularization, it is unlikely to have impacted the quality of early surgical outcomes. Although our results with surgical revascularization are encouraging, they should be interpreted with caution given the limited angiographic follow-up in only 6 of 13 patients (46%). Although our patients experienced excellent early survival following surgical revascularization, adjunctive PCI was required in 2 patients. These findings highlight the insidious nature of CAV and demonstrate that although CABG may be a durable solution, it clearly does not represent a cure for these patients.
In conclusion, we demonstrate improved early outcomes following surgical revascularization for patients with CAV as compared with previous reports. These results may be related to a thorough preoperative assessment and the use of alternative approaches including off-pump techniques and the avoidance of secondary sternotomy, factors that may play a significant role in preventing complications including perioperative bleeding and renal deterioration. Although surgical revascularization may not be suitable for all patients with CAV, candidates with acceptable coronary anatomy should not be denied surgery based upon the risk of surgery itself. Rather, the decision to operate should be based on the usual algorithms used in selecting candidates for reoperative CABG. Close and frequent surveillance is necessary, even after successful CABG, due to the progressive nature of the disease and frequent need for reintervention.
